Molecular diagnosis of Papaya meleira virus (PMeV) from leaf samples of Carica papaya L. using conventional and real-time RT-PCR  by Abreu, Paolla M.V. et al.
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Papaya  meleira  virus  (PMeV)  is the  causal  agent  of papaya  sticky  disease.  This  study  describes  two  methods
for molecular  diagnosis  of  PMeV  using  conventional  and  real-time  PCR.  These  methods  were  shown  to be
more efﬁcient  than  current  methods  of viral  detection  using  extraction  of  PMeV  dsRNA  and  observation
of  symptoms  in  the  ﬁeld.  The  methods  described  here  were  used  to  evaluate  the  effect  of inoculation  of
papaya plants  with  puriﬁed  PMeV  dsRNA  on  the  progress  of PMeV  infection.  A single  inoculation  witheywords:
apaya meleira virus
apaya
esistance induction
hytopathology
sRNA
PMeV  dsRNA  was observed  to  delay  the  progress  of  the virus  infection  by several  weeks.  The  possibility
of  vertical  transmission  of  PMeV  was  also  investigated.  No  evidence  was  found  for PMeV  transmission
through  seeds  collected  from  diseased  fruit. The  implications  of  these  results  for  the  epidemiology  of
PMeV  and  the  management  of  papaya  sticky  disease  are  discussed.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.eal-time RT-PCR
. Introduction
Papaya sticky disease, or meleira, is an important and grow-
ng problem in papaya (Carica papaya L.) cultivation, capable of
ausing complete loss of the crop. The tissues of papaya contain
actifers which are maintained under high pressure and exude
atex upon injury. This latex has high levels of proteases and alka-
oids (El Moussaoui et al., 2001) and is believed to be part of the
efence mechanisms of the plant. However, papaya sticky diseased
lants are characterised by a spontaneously exudation of ﬂuid and
ranslucent latex from the fruit and leaves. The latex oxidises after
tmospheric exposure, resulting in small necrotic lesions on the
dges of young leaves, and a sticky substance on the fruit (Kitajima
t al., 1993; Zambolim et al., 2003) that makes them commercially
nacceptable for consumption (Ventura et al., 2004).
The causal agent of papaya sticky disease has been identiﬁed
s Papaya meleira virus (PMeV), a 12 kbp dsRNA virus found as
0 nm spherical particles in infected tissue (Kitajima et al., 1993;
ambolim et al., 2003). Unusually for a plant virus, PMeV appears
o reside primarily in lactifers, where it modiﬁes potassium levels
∗ Corresponding author. Tel.: +55 27 3335 7348; fax: +55 27 2122 7275.
E-mail addresses: patricia.fernandes@pq.cnpq.br, pmbfernandes@gmail.com
P.M.B. Fernandes).
166-0934     © 2011 Elsevier B.V.  
oi:10.1016/j.jviromet.2011.12.003
Open access under the Elsevier OA license.and thus the osmotic balance, leading to rupture of cells and latex
exudation (Rodrigues et al., 2009c).
As  there are as yet no resistant cultivars to PMeV, control is by
visual identiﬁcation of diseased plants and their eradication (rogu-
ing) (Ventura et al., 2004). For unknown reasons, visual symptoms
of meleira only appear after ﬂowering (Ventura et al., 2004). Even
then, diagnosis can be difﬁcult as there is a relatively long asymp-
tomatic incubation period and the early symptoms can be confused
with other conditions (Ventura et al., 2004). There is thus a need
for alternative diagnostic methods.
Two  methods have been published for detection of PMeV by
molecular means. The ﬁrst method (Rodrigues et al., 2005) applies
nucleic acids puriﬁed from latex to agarose gels and visualises the
resultant 12 kbp viral dsRNA band with ethidium bromide. This
has the advantage of relatively low cost and rapid turnover, but
requires large quantities of latex and a high titer of virus and so is
unsuitable for early stages of infection or when little plant mate-
rial is available. The second method (Araujo et al., 2007) applies
conventional reverse transcription PCR (RT-PCR) to latex diluted in
ammonium citrate. This requires less latex and is more sensitive,
but because the method lacks a nucleic acid puriﬁcation step, latex
proteins remain in the PCR reaction. Papaya latex has a high con-
centration of proteins, especially proteases (Moutim et al., 1999),
which can interfere with the PCR reaction. In addition, a strong link
between PMeV and latex particles has been observed (Rodrigues
et al., 2009c).  Furthermore, dsRNA viruses such as PMeV have the
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apacity, under certain conditions, to transcribe within the cap-
id envelope (Harrison, 2007). Taken together these factors would
educe the chance of virus detection by PCR.
A more sensitive and qualitative technique for virus detection
s real-time RT-PCR (Vincelli and Tisserat, 2008). Measurement by
eal time PCR is based on the increase in ﬂuorescence of dyes, e.g.,
YBR Green, when connected to a double-stranded DNA so that
uorescence recorded at each PCR cycle reﬂects the number of PCR
roducts generated during ampliﬁcation (Morrison et al., 1998).
his in turn reﬂects the initial quantity of template in the sample.
eal-time RT-PCR has been used successfully to detect low levels
f viruses in a number of plants (Lim et al., 2010; Parisi et al., 2011).
s well as increased sensitivity, the technique allows simultane-
us analysis of large numbers of samples compared to gel based
ystems, and automated analysis of the results.
A further problem in PMeV control is the limited information
bout the virus transmission. The common Brazilian whiteﬂy Tri-
leurodes variabilis has been ruled out as a vector (Rodrigues et al.,
009b). It has proved difﬁcult to infect papaya mature trees by
echanical injury short of direct PMeV injection due to exudation
f latex and its simultaneous polymerisation on the injured tissues
Rodrigues et al., 2009b).  Both commercial and private papaya pro-
uction are from trees grown from seeds. However, the vertical
ransmission of PMeV has not yet been evaluated.
A promising development in horticultural virus control is the
oncept that plants can initiate defence responses based on RNA
ilencing when challenged by viral RNA. The use of transgenic
lants which constituently express viral material has been success-
ully developed in different crops (Scorza et al., 2001; Tricoli et al.,
995). Alternatively, mechanical inoculation of viral dsRNA has
nhibited infection by three virus classes into Nicotiana benthami-
na (Tenllado et al., 2003) and similar results have been achieved
ith dsRNA as a spray (Gan et al., 2010).
Our objectives in this study were ﬁrstly to develop improved
ethods for the detection of PMeV by conventional and real-time
T-PCR. The possibility of vertical transmission of the virus was
nvestigated using conventional RT-PCR. The effects of the inocula-
ion of puriﬁed PMeV dsRNA in papaya plants were also assessed
s a preliminary prospect for papaya sticky disease control.
. Materials and methods
.1. Plant material
Samples of papaya (cv. Golden) were collected at the Exper-
mental Farm of the Instituto Capixaba de Pesquisa, Assistência
écnica e Extensão Rural (INCAPER), Espírito Santo State, Brazil,
ith the aid of an agricultural technician experienced in the visual
iagnosis of papaya sticky disease. For the experiments evaluating
ifferent PMeV diagnosis methods, the leaves and latex samples
n = 32) were divided into 4 categories: (1) plants (n = 10) symp-
omatic for sticky disease, (2) plants (n = 8) with inconclusive
iagnosis for sticky disease, (3) plants (n = 10) asymptomatic but
lose to symptomatic plants and (4) plants (n = 4) asymptomatic
ocated at 12 rows from symptomatic plants. Latex (300 L) was
ampled from each plant using a sterile razor blade and mixed (1:1,
/v) with 0.1 M citrate buffer pH 5.0 (Rodrigues et al., 2009a).  Leaf
amples (∼2 g) were also collected in 15 mL  sterile Falcon tubes. The
amples were cooled on ice and the nucleic acids were extracted
n the same day and stored at −20 ◦C.
The experiments evaluating the transmission of PMeV through
eeds used seeds collected from diseased fruit. Papaya seeds from
iracicaba, São Paulo State, where there is no evidence of papaya
ticky disease, were used as negative controls. The seeds were
ashed with water and detergent to remove the sarcotesta, driedical Methods 180 (2012) 11– 17
at 25 ◦C and disinfected using 70% ethanol for 10 s and 2% sodium
hypochlorite for 5 min. After rinsing 3× with distilled water, the
seeds (5–8 seeds/plate) were transferred to a150 mm Petri dish
containing 180 mL  of sterile 1% agar (Suppl. Fig. S1)  and incubated at
16 h light/30 ◦C and 8 h dark/20 ◦C. 15–20 days after germination,
seedlings from originally diseased fruit (n = 172) or the negative
control (n = 187) were collected. The seedlings from each group
were pooled and ground together in liquid nitrogen before nucleic
acid extraction as described below.
For the experiments involving co-inoculation of papaya
seedlings with PMeV and puriﬁed PMeV-dsRNA, the plants (n = 12)
were grown in a greenhouse in 8 kg pots containing fertilised soil
and white sand (3:1) for 3–4 months after germination.
2.2. Co-inoculation of papaya with PMeV and puriﬁed PMeV
dsRNA
Latex from papaya sticky diseased plants was  used as a PMeV
inoculum source (Kitajima et al., 1993; Rodrigues et al., 2009b;
Zambolim et al., 2003). The puriﬁed PMeV dsRNA was obtained
as previously described (Rodrigues et al., 2005). The plants (n = 3)
were divided in three groups: (1) Plants simultaneously inoculated
with 20 L of (1:1, v/v) diseased latex/phosphate buffer pH 7.0 and
20 L of puriﬁed PMeV dsRNA (91.7 ng L−1), (2) plants inoculated
with 20 L phosphate buffer pH 7.0 and (3) plants inoculated with
20 L of PMeV infected latex, diluted (1:1, v/v) in phosphate buffer
pH 7.0. The groups 2 and 3 were used as negative and positive
controls, respectively. The inoculations were performed in the leaf
petioles using a sterile syringe. Aliquots of latex and leaf were col-
lected from the shoot apex using a sterile blade at 7 day intervals
during 71 days, and diluted (1:1, v/v) in sodium citrate buffer pH
5.0 (Rodrigues et al., 2009a).  All samples were stored at −80 ◦C until
used.
2.3. Extraction and analysis of papaya nucleic acids
Molecular diagnosis of PMeV-dsRNA from papaya latex was per-
formed as described (Rodrigues et al., 2005). The nucleic acids were
extracted from papaya leaf (100 mg)  as previously described (Doyle
and Doyle, 1990), with modiﬁcations. After extraction using organic
solvents, the supernatant was precipitated with 600 L of cold
ethanol and 6 L of 3 M sodium acetate pH 5.2. The samples were
incubated at −20 ◦C overnight, centrifuged 12,000 × g for 50 min  at
4 ◦C. The nucleic acids in the pellet were washed with 70% ethanol,
dried, and resuspended in water for quantity and purity assess-
ment using a Nanodrop ND 1000 spectrophotometer. The samples
were treated with DNase I (RQ1 RNase-Free DNase, Promega) fol-
lowing the manufacturer’s instructions. The presence of intact RNA
was conﬁrmed by RT-PCR of the actin gene (Suppl. Table S1). The
nucleic acids were separated on 1% TBE agarose gels for 1.5 h at
80 V. The gels stained with ethidium bromide (15 ng ml−1) were
recorded using an image capture system L-HE-Pix/L-Pix IMAGE
(Cotia, Brazil).
2.4. Detection of PMeV by conventional RT-PCR
The primers used in this study are listed in Suppl.
Table S1.  PMeVconv primers were designed using Primer3
(http://frodo.wi.mit.edu/primer3/) targeting a PMeV sequence
homologous to RNA-dependent RNA polymerases (RDRP) reported
by (Araujo et al., 2007). In this report, the authors had used the
software Gene Runner Version 3.05 (Hastings Software, Inc.) to
design a primer, CO5-3′, targeting the PMeV sequence. CO5-3′ was
also tested in our study. Actin primers were designed as previously
described (Santos, 2005).
irological Methods 180 (2012) 11– 17 13
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Table 1
Cycle threshold of 32 samples submitted to PMeV and 28S ribosomal gene
ampliﬁcation.
Symptoms Sample Ct
28S PMeV
Asymptomatic
(FSP)
1 6.458 Undetectable
2 6.304 Undetectable
3 5.773 Undetectable
4 5.78 Undetectable
Asymptomatic
(CSP)
5  5.738 Undetectable
6 5.738 Undetectable
7 5.632 Undetectable
8 5.809 Undetectable
9 5.887 Undetectable
10 5.867 Undetectable
11 5.573 Undetectable
12 5.749 38.588
13 5.605 Undetectable
14 5.795 Undetectable
Symptomatic 15  5.833 29.388
16 5.874 26.221
17 6.54 25.791
18 6.888 27.644
19 6.862 29.063
20 5.47 22.202
21 5.285 26.355
22 5.543 Undetectable
23 5.694 Undetectable
24 5.879 28.665
Inconclusive 25  6,909 Undetectable
26 6.672 21.735
27 6.884 Undetectable
28 6.864 Undetectable
29 6.316 Undetectable
30 6.571 UndetectableP.M.V. Abreu et al. / Journal of V
Papaya RNA (500 ng) was incubated at 96 ◦C for 3 min  to
enature the PMeV dsRNA (Zambolim et al., 2003). cDNA was  syn-
hesised using cDNA random hexamers (250 ng L−1) and M-MLV
everse Transcriptase kit (Promega) following the manufacturer’s
nstructions. All PCR reactions used GoTaq Flexi DNA Polymerase kit
Promega) following the speciﬁc programs in a Mastercycler Ther-
ocycler (Eppendorf, Hauppauge, USA): PMeVconv primers, 94 ◦C
or 3 min, 32 cycles at 94 ◦C for 1 min, 61 ◦C for 1 min  and 72 ◦C for
 min, and 72 ◦C for 7 min, Actin primers, 94 ◦C for 4 min, 36 cycles
t 94 ◦C for 1 min, 60 ◦C for 1.5 min  and 72 ◦C for 1 min  and 72 ◦C for
 min, CO5-3′ primer, 94 ◦C for 3 min, 30 cycles at 94 ◦C for 1 min,
7 ◦C and 72 ◦C for 2 min  and 72 ◦C for 7 min  (Araujo et al., 2007). All
eactions were conducted in duplicate and the PCR fragments were
eparated on 1.0% or 1.5% TBE agarose gels, as described above.
.5. Diagnosis of PMeV by real-time RT-PCR
The primers used in the real-time RT-PCR reactions, PMeVreal
Suppl. Table S1), were designed using Primer3 again targeting the
MeV RDRP (Araujo et al., 2007). The primers targeting the riboso-
al  28S gene were as described (Rojas et al., 2009).
The papaya RNA samples (600 ng) were mixed with 2 L ran-
om hexamers 50 M,  1 L 10 mM dNTP mix  (Applied Biosystems,
arlsbad, USA) and DEPC water to 12 L ﬁnal volume. The samples
ere incubated for 96 ◦C for 3 min  and the cDNA synthesised using
 Super Script III kit (Invitrogen, Carlsbad, USA) following the man-
facturer’s instructions. Brieﬂy, each sample received 4 L Super
cript 5× buffer, 2 L DTT (0.1 M),  0.1 L RNaseOUT (40 U L−1),
.3 L DEPC water and 0.6 L 5× Super Script III (200 U L−1)
otalling 20 L. The samples were incubated for 10 min  at 25 ◦C,
0 min  at 50 ◦C and 5 min  at 85 ◦C. The obtained cDNA received
.5 L of cDNA, 10 L of SYBR Green PCR Kit Master Mix  (Applied
iosystems, Carlsbad, USA) and 6.5 L of a solution of 2.8 mM of
ach primer diluted in 0.01 M Tris pH 8.0. The mixture was  incu-
ated at 95 ◦C for 10 min, 40 cycles at 95 ◦C for 15 s and 60 ◦C
or 1 min, 95 ◦C for 15 s, 60 ◦C for 1 min  and 95 ◦C for 15 s using
 7500 Real Time PCR System and the data analysed using a SDS
oftware System 7500 version 2.0.1 (Applied Biosystems, Carlsbad,
SA). Relative abundance was estimated by choosing a threshold of
YBR Green ﬂuorescence during the exponential phase of ﬂuores-
ence increase. The cycle number at which each sample passes the
uorescence threshold (Ct) was recorded (Bustin et al., 2009). To
revent false positives, a Ct cut off point was determined, beyond
hich other Ct values could not be regarded as positive (Kokkinos
nd Clark, 2006).
.6. Statistical analysis
The data was analysed by Analysis of Variance (ANOVA) and the
verage of each treatment was compared by Tukey Test (p ≤ 0.05).
. Results
.1. Detection of PMeV in papaya leaves by conventional and
eal-time RT-PCR
Conventional RT-PCR using the primers PMeVconv ampliﬁed a
00 bp fragment from infected leaves (Suppl. Fig. S2). No fragment
as ampliﬁed from uninfected samples, conﬁrming the speciﬁcity
f the PMeVconv primers for PMeV diagnosis (Suppl. Fig. S2).
Real time RT-PCR using PMeVreal primers presented above
ackground ﬂuorescence after 22 cycles which continued to grow
xponentially until reaching a plateau at cycle 38. The dissociation
urves for both PMeVreal and 28S primers were sharp, suggesting
o primer dimerisation or non-speciﬁc ampliﬁcation (Ririe et al.,31 6.69 Undetectable
32 6.831 Undetectable
1997). The infected samples produced a Ct value of 22.2 while unin-
fected samples, used as negative control, were indistinguishable
from the background (Table 1). Real-time PCR ampliﬁcation of 28S
ribosomal RNA produced similar Ct values, i.e., 5.53 and 5.89, from
both papaya sticky diseased and uninfected leaves, respectively
(Table 1).
3.2. Comparison of four methods for diagnosis of PMeV in papaya
The visual diagnosis of 32 papaya plants growing under ﬁeld
conditions was compared to three other PMeV detection meth-
ods: (1) extraction of total nucleic acids from latex samples and
observation of the 12 kbp dsRNA band on an agarose gel (Rodrigues
et al., 2005), (2) conventional RT-PCR using PMeVconv primers and
(3) real-time RT-PCR using PMeVreal primers. After visual diag-
nosis, the plants were divided in symptomatic, asymptomatic and
inconclusive. The asymptomatic plants were collected close (CPS)
or far (FPS) from symptomatic plants. The presence of the 12 kbp
dsRNA band was observed in six samples, numbers 15, 17, 18, 19,
24 and 26 (Fig. 1A). Five of these samples had been deﬁned as
symptomatic and one inconclusive. Five symptomatic plants did
not present bands (Fig. 1A).
Conventional RT-PCR method using PMeVconv primers
detected PMeV in nine leaf samples, eight symptomatic and one
inconclusive (Fig. 1B). These included all the plants diagnosed by
12 kbp dsRNA detection, but also symptomatic plants, numbers 16,
20 and 21, demonstrating greater sensitivity. Two symptomatic
plants were classiﬁed as virus free by 12 kbp dsRNA detection, but
no asymptomatic plants were diagnosed as infected.
The Ct values obtained by real-time PCR using the PMeVreal
primers are presented in Table 1. The samples positive for PMeV
14 P.M.V. Abreu et al. / Journal of Virological Methods 180 (2012) 11– 17
Fig. 1. Comparison of three methods for diagnosis of PMeV in papaya. Papaya plants (n = 32) were visually grouped as symptomatic, asymptomatic and inconclusive for
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in the co-inoculated plants (Fig. 4). These data further conﬁrm the
delayed PMeV infection in papaya inoculated with puriﬁed PMeV
dsRNA.apaya sticky disease. Asymptomatic plant samples were harvested far (FPS) or clos
etection methods, the extraction of PMeV 12 kbp dsRNA from papaya latex (A) and
B).  The ampliﬁed fragments were separated by 1% (A) or 1.5% (B) TBE agarose gels,
y real-time RT-PCR were the same that tested positive by conven-
ional RT-PCR (Table 1 and Fig. 1B). Thus, of the ten plants diagnosed
s infected by visual symptoms in the ﬁeld, eight were conﬁrmed
y conventional and real-time RT-PCR. All the plants diagnosed as
symptomatic were conﬁrmed negative for PMeV.
.3. Assessment of PMeV transmission by papaya seeds
Two groups of seedlings 15–20 days after germination were ana-
ysed: seedlings (n = 187) from seeds collected from healthy papaya
ruits, and seedlings (n = 172) from seeds collected from diseased
ruits. The presence of virus was assessed in pooled RNA samples
rom each plant group by conventional RT-PCR using PMeVconv
rimers. Both seedling groups tested negative for PMeV presence
Fig. 2), suggesting the virus is not transmitted by seeds. The ampli-
cation of an actin gene, used as a positive control for the RT-PCR
eaction, was observed for all samples (Fig. 2).
.4. Co-inoculation of papaya with PMeV and puriﬁed PMeV
sRNA
In order to assess the effect of puriﬁed PMeV dsRNA on the
rogress of PMeV infection in papaya, the plants were co-inoculated
ith PMeV infected latex and PMeV dsRNA. Plants inoculated with
hosphate buffer pH 7.0 or PMeV infected latex were used as nega-
ive and positive controls, respectively. The virus load in the plants
as estimated using three different molecular diagnosis methods,
.e., extraction of PMeV 12 kbp dsRNA from papaya latex, ampliﬁca-
ion of PMeV RDRP gene by conventional RT-PCR using PMeVconv
rimers and real-time RT-PCR using PMeVreal primers. The latex of
hose plants co-inoculated with puriﬁed dsRNA and infected latex
resented the PMeV 12 kbp dsRNA band 43 dpi (Fig. 3A). The posi-
ive control plants clearly presented dsRNA 29 dpi. These data were
ig. 2. Evaluation of PMeV transmission through papaya seeds. Papaya seeds
n  = 172) collected from diseased fruit were germinated in Petri dishes. The seedlings
t  15–20 days post germination were pooled and submitted to RNA extraction. Seeds
n  = 187) from healthy papaya fruit were used as negative control. Duplicate RNA
amples from the control (1–2 and 5–6) and from the germinated seeds from dis-
ased fruit (3–4 and 7–8) were analysed by conventional RT-PCR using PMeVconv
rimers. The ampliﬁcation of actin gene was  used as a RT-PCR reaction control.
he nucleic acids were separated on 1.5% TBE agarose gels, stained with ethidium
romide. M,  molecular weight marker.S) to diseased plants. The presence of PMeV was  further assessed by two molecular
mpliﬁcation of PMeV RDRP gene by conventional RT-PCR using PMeVconv primers
d with ethidium bromide. M,  molecular weight marker.
conﬁrmed through the analysis of leaf samples by conventional
RT-PCR using PMeVconv primers (Fig. 3B) and suggest the co-
inoculation of papaya plants with puriﬁed PMeV-dsRNA delayed
the infection of PMeV. The load of PMeV in co-inoculated samples
appeared reduced at 57 dpi (Fig. 3A and B), suggesting that PMeV
dsRNA could also elicit general defences in papaya plants, which
would result in the inhibition of virus replication.
The seedlings inoculated only with buffer also showed a faint
band at 22 and 57 dpi, possibly as a result of a minor infection during
the experiment.
The latex samples collected from seedlings were also analysed
by conventional RT-PCR using the CO5-3′ primer (Araujo et al.,
2007), but all samples tested negative (Suppl. Fig. S3A). In contrast,
when nucleic acids were extracted from latex of sticky diseased
mature plants, the expected nucleic acid band of 200–300 bp was
clearly seen (Suppl. Fig. S3B), verifying that the primers were func-
tional. These results suggest that RT-PCR using CO5-3′ primer is
more suitable for the analysis of papaya latex from mature plants
with high virus titers.
In order to estimate the PMeV load in the co-inoculated papaya
plants, the samples were analysed by real-time RT-PCR using
PMeVreal primers. For relative quantiﬁcation, the data obtained
for each sample was normalised against the ribosomal 28S ref-
erence gene. Both groups of plants, co-inoculated with puriﬁed
PMeV dsRNA and diseased latex and positive controls, presented an
increasing virus load over time which was  clearly less pronouncedFig. 3. Assessment of PMeV load in papaya plants co-inoculated with PMeV and
puriﬁed PMeV dsRNA. The plants were co-inoculated with PMeV infected latex
and PMeV dsRNA (PMeV + dsRNA) or inoculated only with phosphate buffer pH 7.0
(Buffer) or PMeV infected latex (PMeV). The latex samples collected from each plant
at regular days-post inoculation (dpi) were analysed by extraction of PMeV 12 kbp
dsRNA (A) or the ampliﬁcation of PMeV RDRP gene from papaya leaf by conventional
RT-PCR using PMeVconv primers (B). The resultant material was separated by 1% (A)
or  1.5% (B) TBE agarose gels, stained with ethidium bromide. M:  molecular weight
marker.
P.M.V. Abreu et al. / Journal of Virologi
Fig. 4. Assessment of PMeV load in papaya plants co-inoculated with PMeV and
puriﬁed PMeV dsRNA by real-time RT-PCR. Relative abundance of PMeV in papaya
samples collected from plants inoculated with PMeV infected latex (open bars),
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ao-inoculated with PMeV infected latex and PMeV dsRNA (diagonal lines) and inoc-
lated with phosphate buffer (black bars). Samples were collected at different days
ost inoculation (dpi) and ampliﬁed using PMeVreal primer.
The co-inoculated plants tested positive for PMeV at 50 and 29
pi when analysed by regular RT-PCR (Fig. 3B) or real-time RT-PCR
Fig. 4), respectively. These results indicate the greater sensitivity of
he real-time RT-PCR method, as already reported for other viruses
Kokkinos and Clark, 2006).
. Discussion
The diagnosis of PMeV is of primary importance in the control
f papaya sticky disease given that at time of writing there are no
ommercially available resistant cultivars. Diagnosis is primarily by
ssessment of symptoms.
Visual diagnosis is relatively quick and cheap, but it has a num-
er of weaknesses as a technique. Unfortunately, for unknown
easons, symptoms only become apparent after ﬂowering (Ventura
t al., 2004) and in their earliest stages are open to misinterpre-
ation. Additionally, in the ﬁeld, the ﬁrst symptoms of papaya
ticky disease are presented only 45 days after inoculation with
MeV infected latex (Ventura et al., 2004). This window of 45
ays between virus infection and the onset of symptoms plus the
on-appearance of symptoms throughout the period prior to ﬂow-
ring can lead to the presence of asymptomatic plants infected
ith PMeV. These asymptomatic plants can provide a high concen-
ration of the virus for subsequent transmission, since the PMeV
sRNA is already detectable 15 days after inoculation of the virus
n papaya plants (Rodrigues et al., 2005). High air temperature can
lso affect the appearance of symptoms of papaya sticky disease
Ventura et al., 2004). Therefore, plants can harbor the virus within
n orchard, acting as reservoirs for infection.
Two methods have been published for assessment of PMeV
nfection, i.e.,  detection of viral 12 kbp dsRNA using agarose gels
nd ethidium bromide (Rodrigues et al., 2005) and conventional RT-
CR on nucleic acids from crude latex (Araujo et al., 2007). The ﬁrst
ethod has advantages over other method of being relatively rapid
nd lower cost. However, various studies have reported a restricted
etection of nucleic acids in agarose gels stained with ethidium
romide. The detection limit for a viral dsRNA band is estimated
o be 100 ng (Mcfadden et al., 1983). Thus, since the detection of
uriﬁed PMeV dsRNA does not include any ampliﬁcation step, the
uantity of viral dsRNA extracted must exceed this detection limit.
n contrast, 10 fg can be sufﬁcient for detection of viral genome by
T-PCR (Romaine and Schlagnhaufer, 1995). A further considera-
ion is that diagnosis of PMeV by direct application of puriﬁed viral
sRNA to an agarose gel can result in false positives for the virus,
ue to the proximity of molecular weights of PMeV dsRNA (12 kbp)
nd papaya DNA (∼14 kbp).
RT-PCR has been used successfully in the detection of a num-
er of plant viruses (Mekuria et al., 2003; Omunyin et al., 1996)
nd has been shown to be 103–104 times more sensitive thancal Methods 180 (2012) 11– 17 15
immunoassays, an alternative technique (Zhu et al., 2010). The
method of PMeV detection by RT-PCR proposed previously (Araujo
et al., 2007) uses crude papaya latex diluted in 0.1 M ammonium cit-
rate (1:1, v/v) without prior extraction of nucleic acids as the initial
material. The presence of PMeV in the papaya laticifers/latex is well
established (Kitajima et al., 1993; Ventura et al., 2004; Zambolim
et al., 2003) and therefore latex samples are the primary choice for
virus detection. An important point to be considered is the high con-
centration of proteins present in papaya latex (Moutim et al., 1999)
which can result in low yield in RT-PCR. A strong link between viral
particles and latex polymer has been observed (Rodrigues et al.,
2009c)  that can decrease the amount of dsRNA PMeV available for
reverse transcriptase reaction. Additionally, there are some stages
of development of papaya for which even a small amount (e.g., 5 L)
is unavailable, such as young seedlings.
Seedlings present challenges in the collection of latex. The
amount exuded is very small, and is related to turgescence pres-
sure within the lactifer (Moutim et al., 1999). The use of a small
amount of latex can be disadvantageous for viral diagnosis due to
insufﬁcient nucleic acid for analysis, especially early in an infection
(Jarosova and Kundu, 2010), thus generating false negatives.
In this study, latex samples collected from mature papaya, or
papaya seedlings previously inoculated with PMeV, were ana-
lysed using the method previously described (Araujo et al., 2007).
However, only latex from mature plants tested positive. Thus, the
analysis of latex by this method does not appear to be suitable
for diagnosis of PMeV in seedlings because of the low virus titer.
The RT-PCR method developed using the primers PMeVconv did
detect PMeV from seedling leaves inoculated with the virus. Using
leaf material appears to be preferable for virus detection in papaya
seedlings because of the greater purity of material extracted.
The conventional RT-PCR detection method proposed in this
paper uses about 100 ng of puriﬁed RNA as a template for ampli-
ﬁcation, a quantity achievable from seedlings. This amount is
approximately the same as used for RT-PCR detection of Prunus
necrotic ring spot virus in almond (Mekuria et al., 2003) and for sev-
eral strains of Soybean mosaic virus (Omunyin et al., 1996). Although
conventional RT-PCR was successful in detecting low titers of PMeV
in small quantities of material, a method for real-time RT-PCR was
also developed. This has the advantage of greater sensitivity, the
simultaneous testing of large numbers of samples, automated anal-
ysis of the results and reliable quantiﬁcation (Beuve et al., 2007; Lim
et al., 2010).
There are two general approaches for the detection of ampliﬁed
fragments by real-time RT-PCR, the use of speciﬁc and non-speciﬁc
ﬂuorescent reporters. Both have similar levels of sensitivity (Bustin
and Nolan, 2004). However, the use of speciﬁc probes such as
TaqMan can result in false negatives, especially in RNA viruses.
Alternatively, non-speciﬁc probes such as DNA intercalating dye
SYBR Green, are more reliable, simple and low cost (James and
Varga, 2005; Papin et al., 2004). Although very sensitive, real-time
RT-PCR requires a cut off point for detection to prevent false pos-
itives. The maximum value of Ct that is considered positive for a
particular virus varies. While Ct values up to 45 have been accepted
as valid for rhinovirus detection (Wadowsky et al., 2010), in gen-
eral 35 is considered a negative result, for example for detection
of Sweet leaf curl virus in sweet potato (Kokkinos and Clark, 2006).
Thus, it is questionable whether sample 12 can be considered pos-
itive with a Ct of 38.58 without the establishment of a standard
curve of virus concentration versus cycle threshold. Therefore, we
preferred to consider the result of this sample as inconclusive.
Although real-time RT-PCR is more sensitive than conventional
RT-PCR, the two  methods showed similar results in virus detection
in mature plants, perhaps because the diseased plants collected
contained a relatively high virus titer within the detection limits
of both techniques. Both PCR techniques were more sensitive than
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irect observation of the virus 12 kbp dsRNA genome on a gel. Both
lso have the advantage that they can be applied to all life stages of
apaya, and not just to adult plants after ﬂowering. The detection of
irus by real-time RT-PCR also allows for the quantiﬁcation of PMeV
hich could contribute to future experiments addressing the virus
iology.
The question of false positive and negatives is of crucial impor-
ance in PMeV control. Of the 10 plants diagnosed by visual
ymptoms in the ﬁeld only 8 were conﬁrmed by the two meth-
ds of PCR. These false positives can occur as the initial symptom
n the ﬁeld is the necrosis of the leaves tips which can also be
aused by the fungus Stagonosporopsis cariacae (Syn: Phoma caricae-
apayae) or damage resulting from insect infestation (Ventura et al.,
004). In terms of false negatives, all of the plants diagnosed as
symptomatic were conﬁrmed by PCR. However, one of the plants
iagnosed visually as inconclusive was diagnosed as positive by
CR methods. In practice, plants are not normally removed from
ultivation unless positively identiﬁed as infected. Plants left in the
eld can clearly serve as a virus inoculum for other plants.
An additional problem is understanding transmission of papaya
ticky disease. With many papaya plants grown from seeds, such
lants are also a potential source of infection. It has been unclear
hether PMeV can be transmitted from parent to seedling via
eeds. This was therefore investigated, as well as developing a
ethod for diagnosis of virus infection in seedlings. No PMeV was
etected by conventional RT-PCR using the PMeVconv primer pair
n pools of seedlings derived from seeds of healthy (n = 187) and
nfected (p = 172) plants, respectively. However, although sugges-
ive, these results do not prove the lack of transmission of PMeV
y seeds. The frequency of transmission of PMeV may  be very
ow, requiring a larger number of seedlings to be analysed. The
requency of virus transmission by seeds can vary greatly depend-
ng on the virus-host interaction, and may  be very small in some
ases. Although Cocoa swollen shoot virus could be detected in 53
f 98 cocoa seedlings analysed (Quainoo et al., 2008) and Cucumber
osaic virus was detected in 27 of 180 seedlings investigated (Yang
t al., 1997), High Plains virus was detected in maize in only three
f 38,473 seedlings analysed (Forster et al., 2001). Similar results
ere obtained in the transmission of Maize dwarf mosaic virus, in
hich only one of 22,189 seedlings was infected (Mikel et al., 1984).
o although virus transmission by seeds cannot be ruled out by this
ork, it is suggested that if is occurring it is with low frequency.
As has been mentioned, there are no commercially available
MeV resistant papaya cultivars. It has been suggested in the lit-
rature that plants can be inoculated with viral dsRNA as a way of
reventing or delaying infection and this has been demonstrated
n vivo (Tenllado et al., 2003). Thus, our results are in accordance
ith others in the literature which showed a delay of viral infec-
ion by the application of dsRNA sequences (Gan et al., 2010;
enllado et al., 2003), possibly via post transcriptional gene silenc-
ng (Tenllado and Diaz-Ruiz, 2001). Perhaps surprisingly, dsRNA
pplied exogenously can persist on the leaf despite watering and
ain (Tenllado and Diaz-Ruiz, 2001). This principle appears to be
orth further consideration as a method for PMeV control in
apaya.
onﬂict of interest statement
The authors declare no conﬂict of interest.
cknowledgmentsThe authors thank Professor Adriana Silva Hemerly (Universi-
ade Federal do Rio de Janeiro) for her assistance with the real
ime RT-PCR analysis. This work was supported by Financiadora deical Methods 180 (2012) 11– 17
Estudos e Projetos (FINEP), Conselho Nacional de Desenvolvimento
Cientíﬁco e Tecnológico (CNPq), Banco do Nordeste do Brasil (BNB),
and the Fundac¸ ão de Amparo à Pesquisa do Estado do Espírito Santo
(FAPES).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jviromet.2011.12.003.
References
Araujo, M.M.,  Tavares, E.T., Silva, F.R., Marinho, V.L., Junior, M.T., 2007. Molecular
detection of Papaya meleira virus in the latex of Carica papaya by RT-PCR. J.
Virol. Methods 146, 305–310.
Beuve, M., Sempe, L., Lemaire, O., 2007. A sensitive one-step real-time RT-PCR
method for detecting Grapevine leafroll-associated virus 2 variants in grapevine.
J.  Virol. Methods 141, 117–124.
Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M.,  Mueller, R.,
Nolan, T., Pfafﬂ, M.W.,  Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The
MIQE guidelines: minimum information for publication of quantitative real-
time PCR experiments. Clin. Chem. 55, 611–622.
Bustin, S.A., Nolan, T., 2004. Pitfalls of quantitative real-time reverse-transcription
polymerase chain reaction. J. Biomol. Tech. 15, 155–166.
Doyle, J.J., Doyle, J.L., 1990. Isolation of plant DNA from fresh tissue. Focus 12, 13–15.
El  Moussaoui, A., Nijs, M.,  Paul, C., Wintjens, R., Vincentelli, J., Azarkan, M.,  Looze,
Y.,  2001. Revisiting the enzymes stored in the laticifers of Carica papaya in the
context of their possible participation in the plant defence mechanism. Cell Mol.
Life Sci. 58, 556–570.
Forster, R.L., Seifers, D.L., Strausbaugh, C.A., Jensen, S.G., Ball, E.M., Harvey, T.L., 2001.
Seed  transmission of the high plains virus in sweet corn. Plant Dis. 85, 696–699.
Gan, D., Zhang, J., Jiang, H., Jiang, T., Zhu, S., Cheng, B., 2010. Bacterially expressed
dsRNA protects maize against SCMV infection. Plant Cell Rep. 29, 1261–1268.
Harrison, S.C., 2007. In: Knipe, D.M., Howley, P.M. (Eds.), Virology, Principles of Virus
Structure. Lippincott Williams & Wilkins, Philadelphia, pp. 59–98.
James, D., Varga, A., 2005. Detection and differentiation of Plum pox virus using
real-time multiplex PCR with SYBR Green and melting curve analysis: a rapid
method for strain typing. J. Virol. Methods 123, 213–220.
Jarosova, J., Kundu, J.K., 2010. Detection of Prune dwarf virus by one-step RT-PCR
and its quantitation by real-time PCR. J. Virol. Methods 164, 139–144.
Kitajima, E.W., Rodrigues, C., Silveira, J., Alves, F.L., Ventura, J.A., Aragão, F.J.L.,
Oliveira, L.H.R., 1993. Association of isometric virus-like particles, restricted
to  laticifers, with meleira (sticky disease) of papaya (Carica papaya). Fitopatol.
Brasileira 18, 118–122.
Kokkinos, C.D., Clark, C.A., 2006. Real-time PCR assays for detection and quantiﬁca-
tion of sweetpotato viruses. Plant Dis. 90, 783–788.
Lim, J.H., Bae, E.H., Park, S.H., Lee, K.J.M.S.R., Kwon, E.Y., Lee, Y.J., Jung, Y.T., 2010.
Development of a real time RT-PCR with SYBR Green dye for the detection of
several viruses from the bulbs and leaves of lily. Acta Virol. 54, 319–321.
Mcfadden, J.J.P., Buck, K.W., Rawlinson, C.J., 1983. Infrequent transmission of double-
stranded-RNA virus-particles but absence of DNA proviruses in single ascospore
cultures of Gaeumannomyces-Graminis. J. Gen. Virol. 64, 927–937.
Mekuria, G., Ramesh, S.A., Alberts, E., Bertozzi, T., Wirthensohn, M.,  Collins, G., Sed-
gley,  M.,  2003. Comparison of ELISA and RT-PCR for the detection of Prunus
necrotic ring spot virus and prune dwarf virus in almond (Prunus dulcis).  J. Virol.
Methods 114, 65–69.
Mikel, M.A., Darcy, C.J., Ford, R.E., 1984. Seed transmission of maize-dwarf mosaic-
virus in sweet corn. J. Phytopathol. 110, 185–191.
Morrison, T.B., Weis, J.J., Wittwer, C.T., 1998. Quantiﬁcation of low-copy transcripts
by continuous SYBR Green I monitoring during ampliﬁcation. Biotechniques 24,
954–958, 960, 962.
Moutim, V., Silva, L.G., Lopes, M.T.P., Fernandes, G.W., Salas, C.E., 1999. Spontaneous
processing of peptides during coagulation of latex from Carica papaya. Plant Sci.
142, 115–121.
Omunyin, M.E., Hill, J.H., Miller, W.A., 1996. Use of unique RNA sequence-speciﬁc
oligonucleotide primers for RT-PCR to detect and differentiate Soybean mosaic
virus strains. Plant Dis. 80, 1170–1174.
Papin, J.F., Vahrson, W.,  Dittmer, D.P., 2004. SYBR green-based real-time quantitative
PCR assay for detection of West Nile Virus circumvents false-negative results due
to  strain variability. J. Clin. Microbiol. 42, 1511–1518.
Parisi, O., Lepoivre, P., Jijakli, M.H., 2011. Development of a quick quantitative real-
time PCR for the in vivo detection and quantiﬁcation of Peach latent mosaic
viroid. Plant Dis. 95, 137–142.
Quainoo, A.K., Wetten, A.C., Allainguillaume, J., 2008. Transmission of cocoa swollen
shoot virus by seeds. J. Virol. Methods 150, 45–49.
Ririe, K.M., Rasmussen, R.P., Wittwer, C.T., 1997. Product differentiation by analysis
of  DNA melting curves during the polymerase chain reaction. Anal. Biochem.
245, 154–160.
Rodrigues, S.P., Andrade, J.S., Ventura, J.A., Fernandes, P.M.B., 2005. Simpliﬁed molec-
ular method for the diagnosis of Papaya meleira virus in papaya latex and tissues.
Summa  Phytopathol. 31, 281–283.
irologi
R
R
R
R
R
S
S
TP.M.V. Abreu et al. / Journal of V
odrigues, S.P., Andrade, J.S., Ventura, J.A., Fernandes, P.M.B., 2009a. New approach
for  papaya latex storage without virus degradation. Brazilian J. Microbiol. 40,
122–124.
odrigues, S.P., Andrade, J.S., Ventura, J.A., Lindsey, G.G., Fernandes, P.M.B., 2009b.
Papaya meleira virus is neither transmitted by infection at wound sites nor by
the whiteﬂy Trialeurodes variabilis. J. Plant Pathol. 1, 87–91.
odrigues, S.P., Da Cunha, M.,  Ventura, J.A., Fernandes, P.M., 2009c. Effects of the
Papaya meleira virus on papaya latex structure and composition. Plant Cell Rep.
28, 861–871.
ojas, C.A., Eloy, N.B., Lima Mde, F., Rodrigues, R.L., Franco, L.O., Himanen, K., Beem-
ster, G.T., Hemerly, A.S., Ferreira, P.C., 2009. Overexpression of the Arabidopsis
anaphase promoting complex subunit CDC27a increases growth rate and organ
size. Plant Mol. Biol. 71, 307–318.
omaine, C.P., Schlagnhaufer, B., 1995. PCR analysis of the viral complex-associated
with La France disease of Agaricus bisporus. Appl. Environ. Microb. 61,
2322–2325.
antos, M.P., 2005. Induc¸ ão de sistema de defesa do mamoeiro como resposta à
elicitores químico (óxido nítrico) e biológico (Saccharomyces cerevisiae). Federal
University of Espírito Santo, Vitória.
corza, R., Callahan, A., Levy, L., Damsteegt, V., Webb, K., Ravelonandro, M.,  2001.
Post-transcriptional gene silencing in plum pox virus resistant transgenic Euro-
pean plum containing the plum pox potyvirus coat protein gene. Transgenic Res.
10,  201–209.
enllado, F., Diaz-Ruiz, J.R., 2001. Double-stranded RNA-mediated interference with
plant virus infection. J. Virol. 75, 12288–12297.cal Methods 180 (2012) 11– 17 17
Tenllado, F., Martínez-García, B., Vargas, M.,  Díaz-Ruíz, J.R., 2003. Crude extracts of
bacterially expressed dsRNA can be used to protect plants against virus infec-
tions. BMC  Biotechnol. 20, 3.
Tricoli, D.M., Carney, K.J., Russell, P.F., McMaster, J.R., Groff, D.W., Keisha, C., Hadden,
K.C., Himmel, P.T., Hubbard, J.P., Boeshore, M.L., Quemada, H.D., 1995. Field-
evaluation of transgenic squash containing single or multiple virus coat protein
gene constructs for resistance to Cucumber mosaic virus. Bio-Technology 13,
1458–1465.
Ventura, J.A., Costa, H., Tatagiba, J.d.S., 2004. Papaya diseases and integrated con-
trol. In: Naqvi, S.A.M.H. (Ed.), Diseases of Fruits and Vegetables: Diagnosis and
Management. Klumer Academic Publishers, London, pp. 201–268.
Vincelli, P., Tisserat, N., 2008. Nucleic acid-based pathogen detection in applied plant
pathology. Plant Dis., 660–669.
Wadowsky, R.M., Do, D.H., Laus, S., Leber, A., Marcon, M.J., Jordan, J.A., Martin, J.M.,
2010. A one-step, real-time PCR assay for rapid detection of Rhinovirus. J. Mol.
Diagn. 12, 102–108.
Yang, Y.M., Kim, K.S., Anderson, E.J., 1997. Seed transmission of cucumber mosaic
virus in spinach. Phytopathology 87, 924–931.
Zambolim, E.M., Alonso, S.K., Matsuoka, K.M., de Carvalho, M.G., Zerbini, F.M., 2003.
Puriﬁcation and some properties of Papaya meleira virus, a novel virus infecting
papayas in Brazil. Plant Pathol. 52, 389–394.
Zhu, Y.J., Lim, S.T.S., Schenck, S., Arcinas, A., Komor, E., 2010. RT-PCR and quanti-
tative real-time RT-PCR detection of Sugarcane Yellow Leaf Virus (SCYLV) in
symptomatic and asymptomatic plants of Hawaiian sugarcane cultivars and the
correlation of SCYLV titre to yield. Eur. J. Plant Pathol. 127, 263–273.
